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Vitis rotundifolia also called “Muscadine” grows abundantly throughout the 
southeastern United States. Muscadine grapes have desirable flavors, making them 
suitable to be either consumed as fresh fruit or made into wine and jam. Moreover, 
muscadine grapes have been reported containing rich complex phytochemicals, including 
anthocyanins and polyphenols that possess antioxidant, anti-cancer, anti-inflammatory 
and antimicrobial activities. Therefore, muscadine grapes have become increasingly 
popular in recent years due to its unique aroma, as well as health benefits. 
 Various volatile compounds contribute to the aromatic flavors of muscadine 
grapes. In regards of their low concentrations, conventional simultaneous distillation and 
extraction (SDE) and solid phase microextraction (SPME) were applied to extract and 
concentrate volatile components. Two different varieties, i.e., the Carlos and Noble 
muscadine grapes, were used because they are the most promising bronze and black 
muscadine cultivars for commercial wine production.  
Three major aromas of the Carlos grapes were identified by SDE-GC-MS, which 
are listed below in the order of their concentrations from high to low: hexanal, 2-hexenal 
and1-hexanol. In comparison, the volatile compound with the highest concentration in the 
Noble was 2-hexenal, followed by hexanal and α-terpineol. The Carlos and Noble grapes 
shared a majority of the same volatile compounds with few additional differing volatiles. 
Butyl acetate, 1-hexanol and nonanal had higher concentration in the Carlos than in 
Noble grapes whereas Noble contained higher amounts of 1-octanol and α-terpineol than 
Carlos grapes using SDE.  
iii 
 
Using SPME-GC-MS, the detected volatiles with the highest concentration was 
ethyl acetate, followed by β-damascenone and ethanol in the Carlos, while the principle 
volatile compounds of the Noble extract were ethyl acetate, (Z)-4-decen-1-ol and α-
terpineol. The concentrations of some volatile compounds were different between the two 
varieties. Linalool, α-terpinolene and α-terpineol had higher concentrations in the Noble 
than in Carlos grapes, but Carlos contained higher amount of ocimenol and 1-hexanol 
than Noble grapes.   
SDE could extract relatively high concentrations of C6 compounds (hexanal, 2-
hexenal and 1-hexanol) but SPME fiber adsorbed high amount of esters (ethyl acetate) 
from both grape varieties. Both SDE and SPME were reliable for extraction and 
identification of major volatiles from muscadine grapes. However, furfural and 2-
pentylfuran (artifacts of the Maillard reaction) were only detected by SDE-GC. 
Additionally, SPME showed low levels of baseline noise which facilitates the 
identification of greater number volatile compounds using GC-MS. In summary, SPME 
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I. LITERATURE REVIEW 
1.1 Introduction of  muscadine (Vitis rotundifolia) 
All grapes in the genus Vitis can be divided into two subgenera: Euvitis and 
Muscadinia. The former has 38 somatic chromosomes (n=19), while the latter has 40 
(n=20). The Euvitis subgenus, or traditionally called bunch grapes, can be further divided 
into European Vinifera and American labrusca. In contrast, there are only three species 
within the Muscadinia subgenus, they are Vitis rotundifolia, Vitis munsoniana and Vitis 
popenoei. The Vitis rotundifolia grapes are much less common compared to commercial 
wine-making grapes, Vitis vinifera 
1
. 
Vitis rotundifolia, also called “Muscadine”, is indigenous to the southeastern 
United States for consumption as a fresh fruit or fermented into wine for more than 400 
years. Muscadine was the first cultivated American grapes around mid-18
th
 century but 
only a few cultivars were grown extensively in the southeastern region because they like 
to grow in a warm, humid climate, in slightly acidic and well drained soils, although the 
history of making muscadine wine can be traced back to 1565 in Florida
2
. Muscadine was 
reported to be able to resist Pierce’s disease and other pests so the grapes can grow 
successfully without any pesticides in the humid southeastern climate
3
. The natural 
grapes are best adapted from Delaware to central Florida and westward from the Atlantic 
Ocean to east Texas as well as along the Mississippi River to Missouri, where the 
temperature seldom goes lower than -12°C during winter
4
. Severe winter conditions can 
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hamper grapes production; therefore, this unique fruit is like a valuable present for the 
southeasterners. 
Muscadine is a highly perishable fruit with a short harvest season. This thick 
skinned grape ripens in late August and continues to grow through September depending 
on the regional temperatures
5
. Loose cluster of muscadine are harvested as individual 
grapes compared to European grapes which are harvested in bunches. There are over 300 
named muscadine cultivars grown in the southeastern United States. Skin colors from 
light to dark are bronze, pink, purple and black. The size of the berries is from 2.5 to 3.75 
cm in diameter and 4 to 15 grams in weight
6
.  
Muscadine grapes can be classified by purpose, skin color and flowered type. 
Some cultivars are suitable for fresh market, such as Supreme, Summit and Fry, which 
have huge pulps and high sugar content (at least 14ºbrix). Non-patented Fry is the most 
widely welcomed bronze cultivar due to its very large pulp content. Some cultivars, 
including Carlos, Noble and Welder, are recommended for processing wine, jams, juice 




The two main colors of muscadine skins are black and bronze. The bronze-fruited 
muscadine grapes are often referred as scuppernongs, although only one specific cultivar 
named scuppernong has been found along the Scuppernong river of North Carolina, 
regardless of other hundreds of bronze muscadine cultivars, e.g., Carlos, Fry, Darlene, 
Summit and Doreen
2
. The black-skin muscadine cultivars include Cowart, Supreme and 
Noble, whose skins contain high levels of tannins and anthocyanins. 
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Another category is flowered type, which include the perfect-flowered type (male 
and female flowers in the same vine) and pistillate type (only female flower parts). The 
former includes Carlos, Cowart and Doreen, while the latter includes Fry, Supreme and 
Summit. A single pistillate vine is unable to produce fruit (self-unfruitful); therefore, self-
fertile cultivars often yield more 40-50% grapes than female cultivars
2
.  
1.2 Health benefits of muscadine 
Heart disease and cancer occupy the first and second highest mortality rate in the 
United States in 2010
7
, which have prompted scientists to seek effective and safe ways to 
lower the death rate. Some chemical compounds extracted from natural plants with 
biological significance, often called phytochemicals, have the potential to reduce the risks 
of cancer and inflammation. For example, gallic acid, catechin, epicatechin, ellagic acid, 
myricetin, quercetin, kaempferol, resveratrol, and anthocyanins are well known as 
bioactive phytochemicals
8
. The thick, dark muscadine grape skins have attracted 
scientist’s attention due to its inherent high content of phytochemicals. Additionally, 
previous research reported that muscadine seeds and wines contained rich complex 
phytochemicals which are able to scavenge free radicals successfully
9
. 
Many flavonoids such as flavones, isoflavones, flavonols and catechins are 
reported to have antioxidant activities. Anthocyanins are another subgroup of flavonoid 
compounds. They are water-soluble pigments, widely distributed in dark colored plants to 
protect cells from UV light damage, and are found in blueberry, cranberry, black 
raspberry, concord grapes, and muscadine grapes. Purple-skinned muscadine grapes 
contain higher concentrations of anthocyanins compared to bronze-skinned grapes. The 
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anthocyanins are conjugated by anthocyanidin aglycones and sugars. The predominant 
anthocyanins in the black-skinned muscadine grapes are 3, 5-diglucosides of delphinidin, 
cyanidin, petunidin, peonidin and malvidin in nonacylated forms
10,11
. Anthocyanins are 
able to donate a hydrogen atom to free radicals in order to stop the chain reaction. 
Therefore, muscadine grape skins extracts possessed strong antioxidant properties, and 
were found to be able to effectively inhibit tumor cells in vitro
12,13
.  
Polyphenols, another major antioxidant phytochemical class in muscadine grapes, 
have anti-cancer, anti-inflammatory and antimicrobial activities. Polyphenols contain 
more than one aromatic benzenoid rings and hydroxyl groups to diminish the 
concentrations of reactive oxygen species. For instance, ellagic acid is one of the 
polyphenols that exists in muscadine grapes rather than bunch grapes. This polyphenolic 
compound with anticancer property is primarily accumulated in muscadine skin and 
seeds
9
. Another reference indicated that the total phenolic content from high to low is 
seed, skin, leaves and pulps of muscadine grapes. The seed has a higher antioxidant 
activity than leaves, skin and pulp
14
. Gallic acid, catechin, and epicatechin are also rich in 
muscadine seeds while ellagic acid, myricetin, quercetin, kaempferol and trans-
resveratrol are the major phenolic components in muscadine skins. In addition, myricetin, 
ellagic acid, kaempferol, quercetin, and gallic acid were also found in muscadine leaves
14
. 
Not only antioxidant properties but also anti-inflammatory capacity of muscadine 
grapes has been reported. Its skin powder exhibited significant in vitro and in vivo anti-
inflammatory capacity
15
. In addition, grapes and berries usually contained high levels of 
antimicrobial phenolics, including flavonoids, lignans and polymeric tannins. Salmonella, 
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a foodborne bacterial pathogen, could be inhibited by a water extract of muscadine seed 
containing phenolics and tannic acid
16
. 
1.3 Essential oil and volatile compounds 
In addition to non-volatile phytochemicals, natural plants can also synthesize 
volatile organic compounds (VOCs) with strong and pleasant aroma to protect them from 
infections, parasites, and stress in unfavorable conditions. Those VOCs are secondary 
metabolites synthesized by plants appearing in the leaf, flower, bud, bark, fruit, steam, 
wood, root, seed and twig
17
. Secondary metabolites are not directly related with 
reproduction, but rather, they serve as a defensive mechanism whereas primary 
metabolites (carbohydrates, lipids and proteins) are needed by plants for growth
18
.  
Those low molecular VOCs such as esters, alcohols, aldehydes, hydrocarbons, 
ketones, terpenes, sesquiterpenes, terpenoids, phenols and acids are often in trace 
amounts compared to other major constituents, such as lipids, proteins and carbohydrates 
in plants
19
. For a long history, many VOCs have been isolated from natural odoriferous 
plants as essential oils, which were reported to be used in ancient India, Persia, and Egypt 
more than 2000 years ago
20
. Today, essential oils are widely used as flavors and 
fragrances in commercial cosmetics, soaps, candies, meats and medicines
21
. Many 
essential oil constituents are nonpolar volatile chemical substances, which have a high 
content of carbon and hydrogen, and are viscous, flammable and insoluble in water at 
ambient temperatures.  
Essential oils can be produced through different methods according to yield, 
quality and their original concentrations in natural plants. They can be extracted by 
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different extraction methods, including hydrodistillation, steam distillation, solvent 
extraction, cold pressing, peel compression, simultaneous distillation and extraction and 
supercritical fluid extraction. Despite all of the various extraction methods, steam 
distillation is still the most common and conventional method
22
. The main process of 
steam distillation applies the energy of steam to rupture the plant cell wall to extract 
essential oil in the secretory cells, cavities, canals and epidermic cells
17
. The steam 
carries the volatile essential oil through the extractor tubing to the cold finger where the 
volatiles condense and then the immiscible liquid flows out from the apparatus. Finally, 




Essential oil has been typically used in aromatherapy, cosmetology and as natural 
food flavorings, but it is more applied in medical and pharmaceutical industries
24
. Many 
studies also demonstrated that essential oils were effective natural food preservatives. 
Basil, rosemary, and Thymus spathulifolius oils were culinary seasonings with 
antioxidant and antimicrobial activity
25-28
. Thyme oil inhibited harmful Clostridium 
perfringens growth without affecting desirable Lactobacillus
28
. Besides, the antioxidant 
activity of essential oil was often higher than its individual pure components because of 




1.4 Volatile compounds in muscadine grapes 
Food flavor is an important attribute to food quality so that the unique aromatic 
volatiles of muscadine grapes have attracted many researchers’ attention. However, 
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determination of unstable trace amounts of volatile compounds is affected by cultivars of 
muscadine, polarity of solvent, extraction method, sensitivity of instrument, etc., so the 
results of previous studies are not completely conclusive same with each other.  
Kepner and Webb analyzed muscadine grapes using two extraction methods: 
reduced pressure pot distilling technique and flash evaporation technique in 1956
30
. 
Ethanol, butanol, hexanol, 2-phenylethanol, ethyl acetate, ethyl laurate, methanol, acetal, 
1-hexanal and 2-hexenal were determined. The rose-like odor, 2-phenylethanol, was 
found to be one of critical volatile components in muscadine grapes, but nitrogen, 
halogen and sulfur containing compounds were hardly detected by either extraction 
technique due to the lack of specific high sensitive detectors at the time
30
.  
A further study was conducted by Welch et al. who used methylene chloride to 
extract volatile constituents from blacked-skinned muscadine juice and pulp in 1982
31
. 
More than 40 compounds were identified in this investigation. The amounts of butanol, 
hexanol, ethyl acetate, ethyl laurate and 2-phenylethanol were consistent with Kepner and 
Webbs’ reports but absent of ethanol, methanol, acetal, 1-hexanal and 2-hexenal. In that 
report, not only 2-phenylethanol but also 3-methyl-1-butanol, hexanol and benzaldehyde 
were believed to attribute irreplaceable aroma of muscadine grapes. Nitrogen containing 
compounds (methyl anthranilate), an important aroma in Vitis vinifera, however, was not 
found in the analysis
31
. 
Volatile components of three cultivars of the bronze-skinned muscadine grapes 
(i.e., Fry, Watergate, and Jumbo) in three different maturity stages were determined
32
. 
They were individually extracted by pentane with the Likens-Nickerson simultaneous 
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distillation and extraction (SDE). Thirty eight volatile components were identified in this 
research, including γ-terpinene, geraniol, nerol and geraniol propionate that were the first 
time to be identified in the bronze-skinned muscadine grapes. The above mentioned 2-
phenylethanol and benzaldehyde plus ethyl acetate, benzyl acetate, benzyl alcohol, 
phenylethylformate and 3,4-dimethoxycinnamaldehyde were considered to be the 
primary important compounds to the volatile compounds of muscadine grapes
32
. 
Gas chromatography-mass spectrometry (GC-MS) is used to do qualitative and 
quantitative determinations of volatile compounds in food samples. According to 
previous research, 2-phenylethanol existed in a relatively high concentration in 
muscadine grapes but was uncertain to be a characteristic aroma, which usually has a 
very low threshold value and can be smelled even with a trace amount. Therefore, aroma 
extract dilution analysis (AEDA) is designed to evaluate the predominant aromas. In this 
case, a serial dilution of the interested volatile compound is prepared by solvent until the 
aroma is barely smelled, then the dilution time of the compound is the flavor dilution 
factor (FD factor). AEDA diagram, log2FD factors versus retention time, represents each 
component’s contribution to the whole flavor
33
. The larger value of FD factor indicates 
the component is more important and has more significant contribution to the general 
flavor.  
The volatile compounds in the bronze-skinned muscadine (Carlos grapes) juice 
was extracted by the liquid-liquid continuous extraction and determined by GC-MS and 
AEDA. Twenty one volatile compounds were identified with log2FD factors > 2 in 
muscadine grapes. FD chromatograms exhibited 2,5-dimethyl-4-hydroxy-3(2H) furanone 
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had the highest FD value, followed by 2,3-butanedione, ethyl butanoate, ethyl 2-
methylbutanoate, 2-phenylethanol, and O-aminoacetophenone. In the study, the most 
intense aroma-active compound in muscadine grapes was 2,5-dimethyl-4-hydroxy-3(2H) 




1.5 Extraction techniques 
Extraction efficiency could impact the chemical identification dramatically. A 
suitable extraction technique can efficiently extract volatile components while saving   
time, money, sample and solvent. Most of the volatile compounds are insoluble in water 
so conventional extraction methods need non-polar solvent as a medium. There are many 
methods that require solvent use and include the liquid–liquid extraction, solid phase 
extraction and simultaneous distillation and extraction. Solvent-free techniques include 
solid phase microextraction, stir bar sorptive extraction and headspace dynamic 
extraction. Each method has some advantages and drawbacks of volatile compounds 
extraction. 
1.5.1 Solvent needed extraction 
1.5.1.1 Liquid-liquid extraction (LLE) 
LLE means to separate interesting components by partitioning between two 
immiscible liquid phases. Typically, one phase is an aqueous solution with valuable 
components and another phase is organic solvent having high affinity for components of 
interest. The solute(s) move from the aqueous phase to the organic phase due to the 
similar polarity of solute(s) with the organic solvent. Many solvents can be chosen 
10 
 
depending on the polarity of target compounds in LLE. Therefore, one of the advantages 
of LLE is that all volatile compounds (low, medium and high volatility) can be extracted 
by changing the solvent. The second advantage of LLE is that it displays high 
repeatability which is hardly comparable by other solvent-free technique
35
. However, the 
drawbacks of LLE are also obvious that solvent is harmful to the operator and 
environment as well as is subject to contaminate samples during extraction. Lower-
boiling volatile chemicals can easily evaporate with the solvent in subsequent 
concentration procedure. Therefore, LLE is not a perfect method for analysis of 
compounds with very low boiling point. 
1.5.1.2 Simultaneous distillation and extraction (SDE) 
SDE was designed by Likens and Nickerson to diminish limitations of liquid-
liquid extraction (LLE)
36
, regardless of its limitation in time and solvent consumption. 
SDE allows simultaneous extraction, concentration and isolation of flavor constituents 
within a short time due to continuously recycling the two immiscible solvents. Only a 
small amount of solvent is used for extraction so the volatile compounds can be easily 
concentrated more than tenfold. During the initial extraction step, both the sample and 
solvent are simultaneously heated in two different flasks, which are separately connected 
to arms of SDE apparatus, from which both vapors mix at the upper part of the arms and 
condense on the cold finger. Then, the liquid mixture flows into the separator to form two 
immiscible phases that flows back individually to their original containers because of the 
different liquid density. The sample and solvent bottles should be placed at the correct 
place on the extractor in order to avoid the separated phases flowing back into their 
11 
 
opposite bottles. Overall, SDE not only possesses the advantages of LLE, by which many 
solvents, such as: hexane, dichloromethane (DCM) and n-pentane, can be used for 
volatiles extraction, but also shortens the extraction time and improves the extraction 
efficiency.  
Although the required amount of solvent for SDE has been dramatically reduced 
compared to that of the conventional LLE, its volume is still too large and the analyte 
concentration is often too low to be determined. A laborious concentration step is still 
needed after the traditional SDE procedure. Therefore, a modified version of so called 
micro-SDE device was proposed to overcome the problem
37
. The final solvent volume 
was reduced to about 1 mL, which could be directly injected into a GC instrument 
without further concentration. This improvement drastically reduces the total extraction 
time and prevents loss of volatile compounds. Another innovative SDE was designed by 
increasing the area of condenser so as to retain more volatile compounds
38
. The position 
of the distillation arm was also modified for easy operation so either lighter- or denser- 
than-water solvent connected to the same arms of SDE apparatus.  With the 
improvements mentioned above, SDE has been used as one of the most effective 
apparatus for extraction of volatile compounds. However, the major disadvantage of 
atmospheric pressure SDE was also obvious. Possible occurrences of undesirable ester 
hydrolysis, Maillard reaction and sugar degradation might happen due to its high 
temperature process. Thus, a vacuum-SDE was developed to eliminate those drawbacks
39
, 
because solvent can extract the volatile chemicals under the vacuum system while 
avoiding the production of artifacts and preventing the losses of critical components. 
12 
 




It is often inevitable to produce some thermal degradation of fragile chemicals by 
SDE, which might generate different volatile profiles from that generated by a non-
thermal extraction technique. On the other hand, thermal processing may induce the 
chemical rearrangements, hydrolysis and/or generation of artifact compounds. Furans, 
such as dihydro-2-methyl-3(2H)-furanone, 5-methyl-2(3H) furanone, furfural, and 2,3,4-
trimethylfuran, are considered the main artifacts of the Maillard reaction in high sweet 
fruit
42
. Angelica lactone, acetylfuran, furfural, 5-methylfuran and furyl hydroxymethyl 
ketone were also considered the thermal degradation products of sugars in grape juice
43
. 
Besides, 2-furancarboxaldehyde was also considered as a thermal degradation product 
during the Muscat grape juice extraction
44
. Those artifacts might co-elute and interfere 
with target compounds, which made identification more difficult.  
Thermal processing could produce artifact compounds as well as destroy some 
small weight molecular compounds, such as short chain fatty acids, carbohydrates and 
volatile compounds. In addition, some high polar alcohols and acids might not be 
detected by SDE because these compounds had higher affinity for the aqueous phase 
rather than the solvent phase
44
. Based on the above reasons, only 98 volatile compounds 
in grapes were observed by SDE, compared to 126 volatile compounds identified by 
solvent-free technique
43
. However, SDE was a suitable extraction method for large 
molecular compounds. For instance, the total esters in Chinese fermented camel milk 





Some trace analytes will probably be lost during the extraction and subsequent 
downstream processes once volatiles have been separated from the complex sample 
matrix. Therefore, recovery studies are required to determine which extraction technique 
is most suitable and how much residual analytes remain in the matrix post-extraction
46
. In 
principle, recovery is estimated by the ratio of a known reference material, called an 
internal standard, before and after the extraction. Peak area of each aroma compounds are 
then compared with the area of internal standard in the chromatogram. According to 
previous research, the average recovery of SDE was 86.9% or higher than the recovery of 
solvent-free techniques (28.4%) in determination of grape juice
43
. In addition, SDE had 
higher repeatability and recovery than solvent-free extraction, and the subsequent 
quantitative determination was more accurate and precise than that by LLE 
44,47
. In this 
context, SDE is a reliable and desirable isolation technique to carry out characteristic 
aroma profiling. 
1.5.2 Solvent-free extraction 
Despite the many advantages of the solvent extraction techniques mentioned 
above, they tend to cause heavy environmental burden. Therefore, the headspace solvent-
free extraction techniques are widely adopted in routine volatile chemical analysis.  There 
are two common types of headspace methods: direct (or static) headspace sampling and 
dynamic headspace sampling.    
1.5.2.1 Headspace methods 
Direct headspace sampling forces volatile compounds of a sample into the 
headspace in a sealed bottle, particularly under heating. After the headspace and sorbent 
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(liquid or solid) reaches an equilibrium status, headspace vapors are directly injected into 
gas chromatograph (GC) instrument. This technique can be applied for many samples, 
and as a result, direct headspace is widely used in some analytical labs. Unfortunately, 
only a small part of headspace vapor is injected into the GC, which decreases the 
detection sensitivity for analysis of volatile compounds. 
In contrast, dynamic headspace sampling or purge and trap technique applies 
noble gas (e.g., nitrogen or helium) to continuously pass through the sample headspace to 
carry the volatile compounds into a cryogenic trap. The trap collects headspace vapors 
followed by desorption in the GC instrument. This non-stop multi-step extraction method 
has also been widely used in recent years because more volatile compounds, regardless of 
their polarity and boiling point, are collected with this technique compared to direct 
headspace sampling. However, sample matrix (particularly aqueous solutions) may 
dramatically influence the extraction efficiency. Therefore, organic solvent is needed 
sometimes to extract aqueous samples, although this extra step increases the risk of 
component degradation or sample contamination
48
. 
1.5.2.2 Solid phase microextraction (SPME) 
SPME is a time-saving technique compared to labor-intensive SDE. Pawliszyn 
and co-workers designed this method that combines sampling, extraction and 
concentration into a single step without hazardous organic solvents
49
. This technique does 
not need further solvent concentration, which substantially shortens total analysis time. 
The pen-sized portable extraction fiber has been widely applied in chemical analyses of 
food, drug, biology, environment contaminants and pesticide residues.  
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SPME fibers can be categorized into two ways: direct immersion (DI-SPME) or 
headspace extraction (HS-SPME). HS-SPME is where the fiber that is placed above the 
matrix to absorb the volatile compounds in headspace. This method can eliminate 
contamination, prolong the fiber lifetime and lead to reproducible results. DI-SPME is 
where the fiber is directly inserted into the sample solution. DI-SPME was reported to be 
a suitable method to analyze trace components in wine
50
. However, large molecular 
weight compounds on the fiber might reduce reproducibility and inhibit the smaller 
components adsorption to the fiber. 
The SPME procedure generally adopts the following steps.  At first, the fiber is 
placed on the sealed bottle for a while (e.g, 10-30 minutes); then the absorptive fiber was 
inserted into the injection port of GC to desorb the volatile compounds. The crucial 
principle of this method lies on the quick equilibrium between three different phases: 
sample solution (solution phase), headspace (gas phase) and fused silica fiber (solid 
phase). All interesting volatile compounds must equilibrate from sample to liquid, liquid 
to headspace and headspace to fiber.  
Two obvious advantages of HS-SPME are its solvent free and cold extraction, so 
there is no solvent interference and no apparent thermal degradation of volatile chemicals 
since most of volatile compounds, especially terpenes and alcohols, are thermally labile. 
The solvent-free technique can extract more volatile compounds, particularly the low 
boiling point compounds that can be detected by GC-MS but are normally covered by 
huge solvent peak in the chromatogram if using the solvent-needed techniques.  
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The SPME fibers are classified by their different stationary phases. There are six 
major commercial polymer fibers: PDMS (polydimethylsiloxane), PA (polyacrylate), 
PDMS/DVB (divinylbenzene), DVB/CAR (carboxen)/PDMS, CAR/PDMS and CBW 
(carbowax NiTi-ZrO2-nickel titanium-zirconium oxide)/DVB. The PDMS fiber exhibits 
the best extraction of non-polar compounds (e.g., hexanal, (E)-2-hexenal, (Z)-2-hexen-1-
ol) than the mixed fibers
51
. PDMS/DVB fiber tends to absorb high polarity compounds 
(C13 norisoprenoids). For instance, it showed a good ability to analyze compounds with 
low to medium volatility in grapes; CBW/DVB fiber has a higher efficiency to absorb 
polar compounds, especially with a higher capacity for acids. CAR/PDMS fiber results in 
greater extraction of hexane, benzene and toluene extraction than PDMS fiber
52
. 
Mono and sesquiterpenoids, C13 norisoprenoids, alcohols, acids, carbonyl 
compounds, sulphur compounds, and pyrazines were widely reported as the major 
volatile compounds in grapes. According to the above description, both PDMS/DVB and 
DVB/CAR /PDMS fibers can extract the major volatile compounds of grapes. Although 
the former fiber achieves lower relative standard deviation and can improved the 
reproducibility than the latter, the latter fiber can adsorb more volatile compounds with 
higher peak areas shown in GC chromatograms
53
.  Another experiment confirmed that 
CAR/DVB/PDMS fiber was preferred to adsorb more polar and middle polar volatile 
compounds in Vitis vinifera grapes than PDMS and CAR/PDMS fibers
54
. 
CAR/DVB/PDMS fiber was reported to extract 46 volatile compounds in grapes, more 
than PDMS/DVB, followed by CW/DVB, CAR/PMDS, PA, and PDMS. Although the 
carboxen fiber (CAR/PDMS and CAR/DVB/PDMS) showed similar extraction efficiency 
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for monoterpenoids and C13 norisoprenoid, the CAR/DVB/PDMS fiber exhibited a better 




Not only the SPME fiber stationary phase, but also other chromatographic 
parameters, such as the extraction time and temperature, ionic strength of the solution and 
sample amount, may affect the efficiency of SPME. Extraction temperature and time are 
two critical parameters that can impact the extraction efficiency. The total analyte 
concentration increases with the increasing extraction time before the equilibrium. 
Increased temperature can transfer more energy to analytes, particularly the high 
molecular weight compounds, from liquid to headspace. Once the high molecular weight 
compounds are adsorbed by the fiber, the low molecular weight compounds will be 
hardly adsorbed by the fiber especially at the higher temperature. Therefore, the recovery 
of semi-volatile compounds is usually higher than volatile compounds when high 
temperature and longer sampling time are adopted in volatile extraction. On the other 
hand, high temperature will accelerate the equilibrium so as to shorten the required 
extraction time, but as a result, analyte degradation may occur
55
. 
A salting-out agent, sodium chloride, was sometimes placed into the sample 
solution to improve the extraction efficiency due to the decreased solubility of the 
analytes (hydrophilic compounds) in aqueous phase, which resulted in a higher 
volatilization of analytes dissolved in the liquid phase into the headspace
56
. Generally 
speaking, adding salt will result in higher extraction efficiency for polar compounds than 
for non-polar compounds. However, the analytes may participate in an electrostatic 
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1.5.2.3 Stir bar sorptive extraction (SBSE) 
SBSE was developed in the late 1990s
57
. The glass jacked stir bar is coated with a 
layer of absorbent, polydimethylsiloxane (PDMS), the same material for the SPME fiber. 
There are two methods for SBSE: immersion and headspace sorptive extraction (HSSE). 
The stir bar in the aqueous sample solution absorbs and stirs at the same time. The stir bar 
can also hang on the headspace to catch volatile compounds from sample matrix. After 
agitating or stirring, volatile compounds are desorbed by two ways: solvent and thermal 
desorption. The stir bar is placed in a thermal desorption system (TDS) where the 
analytes are removed from stir bar. The volatile compounds flow into a cryotrap made of 
Tenax to be concentrated with liquid nitrogen. Then the volatile compounds are desorbed 
from the Tenex to the capillary column
43
. 
A stir bar has more absorptive volume than the SPME fiber to decrease or 
eliminate competition and saturation effects. The increased absorptive volume of SBSE 
means it is more sensitive than SPME. Theoretically SBSE is able to reach a much lower 
detection and quantification limits. However, only using PDMS as the sorbent for SBSE 
is the bottle neck since PDMS prefers to absorb nonpolar compounds. Thus, SBSE is not 
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II.  SIMULTANEOUS DISTILLATION AND EXTRACTION (SDE) OF VOLATILE 
COMPOUNDS IN MUSCADINE GRAPES  
Abstract 
Volatile compounds of the Carlos and Noble muscadine grapes (Vitis 
rotundifolia) were extracted in triplicate by simultaneous distillation and extraction 
(SDE) with dichloromethane (DCM) as the organic solvent. Gas chromatography-mass 
spectrometry (GC-MS) was used to conduct the qualitative and quantitative analyses. The 
volatile compounds were identified according to their Kovats indices and electron impact 
mass spectra. Concentration, standard deviation, and p-value of volatiles were compared 
between the Carlos and Noble grapes. The main composition of their volatile profiles was 
similar but concentrations were different. The major aromas of the Carlos are listed in the 
following order based on their concentrations from high to low: hexanal, 2-hexenal, 1-
hexanol, (E)-2-hexen-1-ol, (Z)-4-decen-1-ol and 1-octanol. The highest concentration of 
aroma in the Noble is 2-hexenal, followed by hexanal, α-terpineol, (Z)-4-decen-1-ol, (E)-
2-hexen-1-ol and 1-hexanol. 
2.1 Introduction 
Indigenous American grapes Vitis rotundifolia is called muscadine due to its 
unique characteristic “musky” aroma also known as earthy and redolent aroma
1
. There 
are two reasons that production of muscadine is much less than common European grapes: 
history and economic value. Muscadine grapes have been growing in the southeastern 
United States prior to European settlers introducing Vitis vinifera, a grape that grows in 
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bunches. The colonists believed, by using their proven winemaking techniques, the 
European grapes were more suitable than muscadine grapes due to their floral aroma, 
although the local residents had used muscadine grapes to make wine for a long history
2
. 
As a result, the European settlers heavily cultivated and expanded the bunch grapes in the 
United States. On the other hand, a weakness of muscadine grapes in commercial wine 
production is that they tend to grow in small bunches resulting in an increased cost for 
automatic commercial harvest
1,2
. However, muscadine grapes have become increasingly 
popular in recent years due to its unique and enjoyable aroma, as well as evident health 
benefits. 
In addition to its delightful aroma, muscadine is believed to be the only type of 
grape that can tolerate the high heat, humidity and sandy soils of subtropical areas
3
. 
Muscadine grapes also have several natural defensive systems against native diseases and 
pests, such as Pierce’s disease and phylloxera, to which European grapes are highly 
susceptible
4
. Once a vine is infected by the Pierce’s disease, its xylem vessels are plugged 
to prevent water transportation
5
. The American phylloxera is an insect that invades the 
roots and leaves of the European grapes, and destroyed 40% of the French vineyards in 
the 19th century
2,6
. In contrast, muscadine grapes have high resistance to those native 
diseases and pests and as a result, this unusual aromatic grape spreads throughout the 
southeastern United States. 
Numerous scientists have interests in identifying musky or foxy aromas and the 
other major volatile compounds of muscadine grapes to develop and expand upon a 
potential economic value
7-12
. Kepner et al. analyzed volatile compounds in muscadine 
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grapes with two extraction methods: reduced pressure pot distilling technique and flash 
evaporation technique in 1956
8
. Welch et al. and Lamikanra et al. isolated volatile 
constituents of muscadine by liquid-liquid extraction (LLE) with dichloromethane (DCM) 
and pentane
9
. Horvat et al. used simultaneous distillation and extraction (SDE) technique 
to determine predominant aroma components of muscadine with DCM as the solvent
13
.  
Although above authors individually identified 18, 45, 15, 21 and 38 volatile 
compounds in muscadine grapes, the well-known inevitable disadvantage of solvent 
extraction techniques is the partial loss of volatile odorants during extraction, dry-out, 
and subsequent concentration because high temperature is a critical weakness for 
isolation and determination of volatile compounds. Solvent impurities might also 
interfere in the chromatographic analysis, in addition to the fact that LLE requires a large 
amount of sample, solvent and time. By contrast, solvent-free extraction techniques could 
overcome the above shortcomings to isolate clean, highly volatile compounds. Therefore, 
in this study, both conventional SDE as well as the solvent-free extraction technique, 
solid phase microextraction (SPME), were applied to determine and compare 
predominant volatile components of muscadine grapes. 
Muscadine grape cultivars exist in a wide variety of colors, flavor and sizes. The 
Carlos and Noble are the most promising bronze and red muscadine cultivars for 
commercial wine production because both of them are self-fertile, non-patented grapes 
and can generate high yields 
9
. The Noble has some advantages: color stability, less 







 grapes were investigated with solvent extraction 
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in previous research. In this study, the Carlos and Noble grapes were selected to compare 
their volatile compounds determined by the SDE-GC technique.  
2.2 Materials and methods 
2.2.1 Materials 
High performance liquid chromatography (HPLC) grade dichloromethane (DCM) 
and anhydrous sodium sulfate were obtained from Fisher Scientific (Norcross, GA, USA). 
Standards of alkane standard (C8-C20) and internal standard (6-methyl-5-hepten-2-ol, 
99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  The blender was 
purchased from Hamilton beach (Southern Pines, NC, USA). Water was prepared in our 
lab by using a Millipore Synergy UV system (Millipore Billerica, MA, USA). All 
glassware were ultrasonic detergent-washed, thoroughly rinsed with tap water and 
filtered water.  
2.2.2 Grape samples  
Twenty kg of matured Carlos (bronze) and Noble (black) grapes were picked 
fresh on Oct 9
th
, 2013 at Hyman vineyards (2513 W Lucas St, Florence, SC 29501). The 
grapes that were growing above the leaves and good-looking were evenly collected 
throughout the whole vineyard; however, no grapes were harvested from the two outside 
rows which received more sunlight. The fresh grapes were transported in coolers with 
ice-packs to the university laboratory. Berries were placed in vacuum sealed bags without 





2.2.3. Isolation and concentration technique 
2.2.3.1 Solvent selection  
Solvent is an important factor in the SDE technique because it affects the 
efficiency of extraction and isolation of volatiles from a sample. A compatible solvent 
should have similar property with predominant volatile components. Five solvents are 
commonly used in volatile studies: n-pentane (C5H12), dichloromethane DCM (CH2Cl2), 
freon-11 (CCl3F), ethyl acetate (C4H8O2) and diethyl ether ((C2H5)2O) by liquid-liquid 
extraction
8,13
. The boiling point of a solvent should be as low as possible since highly 
volatile compounds will be lost during concentration. Boiling points of the above 
solvents are listed in order: 36.07°C, 39.75°C, 23.77 °C, 77.11 °C and 34.55°C
15
, 
respectively. Although freon-11 had a very low boiling point (23.77°C), which seems an 
ideal solvent for isolation, it is seldom used because it may destroy the ozone layer 
heavily. 
According to previous studies, DCM achieved higher extractive efficiency 
compared to the rest of liquid solvents due to dipole moment and water solubility
15
. The 
dipole moment of n-pentane, DCM, ethyl acetate and diethyl ether are 0, 1.6, 1.78 and 
1.15D, respectively. The polarity of n-pentane is too weak to isolate all volatile 
compounds in grape juice because some components, such as alcohols and aldehydes, 
have strong polarity
11
. The solubility of solvent in water plays an important role in the 
extraction efficiency too. The more solvent that is dissolved in water results in low 
extraction ability. The solubility of ethyl acetate and diethyl ether were 8.7% and 6.89%, 
respectively, which are much higher than 1.6% of DCM
15
. Consequently, DCM is the 
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most suitable solvent for extraction and isolating of volatile compounds from muscadine 
grape juice in regards to the boiling point, solubility in water and safety.  
2.2.3.2 Simultaneous distillation and extraction (SDE)  
SDE procedure was revised according to Horvat et al.
13
. Five hundred grams of 
the frozen grapes were placed into five plastic bags (100g/bag) in water at room 
temperature for 20 minutes to allow them to thaw. The soft grapes and 500 mL water 
were macerated for 2 minutes using a commercial blender. Fine grape pulp and glass 
beads were loaded in a 2000 mL round bottom glass bottle with the addition of 6 µL 6-
methyl-5-hepten-2-ol (4000 ppm) internal standard. Then the sample bottle was 
connected to the left arm of Likens-Nickerson SDE apparatus while its right arm was 
connected to a 100 mL round bottom glass bottle with 50 mL of HPLC grade DCM. The 
sample bottle was heated by a heating mantle to boiling point of water around 100°C, and 
the solvent was simultaneously heated by another heating mantle to 50 °C, higher than 
boiling point of DCM of 39.6 °C.  
The cooling finger was connected to a small pump which was placed into an ice 
water bath. The temperature of circulating cooling water was close to 0°C. After the 
sample was extracted by DCM for 1 hour, heating power was turned off to cool down 
both glass bottles and the SDE apparatus for half an hour. Then the solvent bottle was 
removed from the extractor and pooled with the extra solvent in the separator. A few 
grams of anhydrous sodium sulfate were placed in filter paper at the bottom of a glass 
funnel. The DCM with the extracted aromas were poured into the funnel and passed 
through the anhydrous sodium sulfate to remove extra water in the solvent, and were 
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collected by another 100 mL round bottom flask. 5 mL of clean DCM rinsed the sample 
flask and were then poured over the sodium sulfate in the filter paper. The extraction 
flask rinsate was pooled together with the solvent extract prior to concentration. The 
100mL round bottom flask with aqueous free sample in DCM, was then placed in 50°C 
water bath and connected to a Vigreux column and distilled for 1 hour. The remaining 
solvent in a volume of about 12 mL was transferred from the round bottle to a 15 mL 
glass concentrator. A volume of 3 mL of clean DCM was used to rinse the 100mL round 
bottom flask again and added into the concentrator. The concentrator was placed into the 
water bath and dried down to a final volume of 0.3 mL using ultra-high purity (99.999%) 
nitrogen. Then, the concentrated solvent with extracted volatile compounds was 
transferred into a 1.5 mL amber glass vial with a polytetrafluoroethylene (PTFE)/silicone 
septum for immediate volatile compounds analysis and stored at -20°C in a freezer until 
other validated analysis. 
2.2.3.3 Vigreux column 
After volatile compounds are extracted from a sample with a solvent, the 
concentrations of volatile compounds are often too low to be identified so that there is a 
need to remove the extra solvent by concentration or distillation. A Vigreux column has 
an improved efficiency compared to a straight column because it contains many 
horizontal and downward pointing glass protrusions to increase surface area. This allows 
the condensate to easily fall back into the sample flask. The more vaporization and 
condensation cycles occur simultaneously in the column, the better separation and 
accuracy. Moreover, it is often adjusted by recovery to check for the efficiency of a 
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Vigreux column. A Vigreux column gives a satisfied recovery for solvent concentration 
to a large volume (1 mL or up)
16,17
. Therefore, the Vigreux column was used in this study 
to evaporate solvent to a volume of 10 mL; then the concentrated solvent and aromas 
were purged by nitrogen to continuously evaporate the solvent and concentrate the 
sample to around 1 mL. 
2.2.4 Gas chromatography-mass spectrometry (GC-MS) 
Gas chromatography has been widely used to separate volatile compounds having 
a molecular weight of less than 1,000 Dalton. The mobile phase transports the analyte 
through an immobilized liquid or solid stationary phase. The basic theory of separation is 
based on different boiling point, molecular size and polarity between the analyte and the 
stationary phase. Purified anhydrous nitrogen, helium and hydrogen gases are commonly 
used as the carrier gas within the whole system. Helium in particular is used frequently to 
its stability, diffusivity, and safety. 
The stationary phase can be a conventional packed column or the more popular 
capillary column. Capillary columns have different composition, diameter, film thickness, 
and length. The most universal column consists of 5% phenyl-substituted methyl silicone 
phase which can separate most nonpolar and some polar volatile compounds with wide 
temperature range: -60°C to 250°C
18
. 
When using GC-MS with electron impact ionization, after compounds elute from 
the column, they separately enter a high vacuum area where an electron beam will ionize 
the aroma molecules into small pieces, or electron ionization (EI) fragments, according to 
their mass-to-charge ratio (m/z). This process must occur under high vacuum so the ions 
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can move freely to the detector without collision. A quadrupole uses radiofrequency and 
voltage to sort the ions based upon their m/z ratio prior to detection by an electron 
multiplier horn. Finally, mass spectral peaks, fragmentation components, and intensity of 




The identification and quantification of volatile compounds were performed using 
a Shimadzu GC-17A Gas Chromatograph coupled to a Shimadzu GCMS-QP5050A Mass 
Spectrometer (Shimadzu, Tokyo, Japan). The GC-MS system was equipped with an 
Agilent J&W (Santa Clara, CA) DB-5 (5% Phenyl, 95% methyl silicone) capillary 
column (60 m x 0.25 mm ID x 0.25 μm film thickness). One µL of the volatile extracts 
was manually injected into the GC injector operating in splitless mode. The flow rate of 
ultra-high purity (UHP) helium was 1.0 mL/ minute. The oven temperature was held at 
35 °C for 10 minutes and then ramped to 100°C at 1.5°C/ minute and held for 1 minute, 
then increased to 150°C at 2°C/ minute, and finally increased to 265°C at 20°C/ minute 
and held for 5 minutes. The mass spectrometer was operated in an electron ionization 
mode at a voltage of 70 eV.  The chromatograms were recorded by scan mode in a mass 
range 40-350 m/z from 8 to 77 minutes. Injection port and interface temperatures were 
both 250°C. 
2.2.5 Qualitative analysis 
Only mass spectrometry is sufficient to identify unknown volatile compounds due 
to fragmentation and rearrangement during ionization
20
. Stationary phases, instrument 
and temperature programs also cause different retention times. Hence, Kovats generated 
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an isothermal retention index (RI) to reduce the above parameter variation
21
. However, 
non-isothermal temperature programs are more commonly used in identification of 
complex plant materials. Van den Dool and Kratz proposed a more general form that 
could be applied for non-isothermal temperature programmed operation
22
. Van den 
Dool’s equation is:           
 ( )  ( )
 (   )  ( )
, where T(z)<T(i)<T(z+1), Z is the number of 
the carbon atoms,  T(i)  is the retention time of the sample i, T(z) and T(z+1) are the retention 
times of the n-alkanes eluted before and after the sample i. This equation is more widely 
accepted to calculate RI for identification on the basis of retention data.  
The identification of unknowns was based the following steps: [1] mass spectra 
using a NIST 08 library (National Institute of Standards and Technology, Gaithersburg, 
MD, USA), Shimadzu Terpene and Terpenoid library (Shimadzu, Tokyo, Japan), and 
Wiley 08 (Wiley, New York, NY, USA) mass spectral library. The similarity percentage 
of mass spectra had to be over 90 % with mass spectral library to ensure reliability 
23
. [2] 
Kovats retention indices of components were compared with published data by a Van den 
Dool’s equation
24
. [3] Volatiles were matched with standards and previous references of 
muscadine grapes.  
2.2.6 Quantification 
The internal standard should have similar retention time and property to the 
sample but not exist in the original sample. Ideally, the response of the target compound 
is the same ratio to the response of the internal standard so the concentration of target 
compound can be speculated by known concentration of internal standard.  
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The internal standard (IS) that was used 6-methyl-5-hepten-2-ol which was not 
found in the natural grapes. A serial of dilutions of the IS in five concentrations in 5, 10, 
15, 20, 30 ppm (mg/kg) were prepared in purified DCM solvent and 1 µL of each 
concentration solution was injected in triplicate to generate a standard curve. The 
response of compounds was divided by the response of the IS and multiplied by the 
concentration of IS to get a semi-quantitative concentration of volatile compounds.   
2.2.7 Statistical analysis  
A paired t-test was calculated using JMP (John’s Macintosh Program, a statistical 
software) (SAS Institute Inc. Cary, NC, USA) with significance level of α=0.05 to detect 
the variation in volatile concentration of triplicate extractions between the Carlos and 
Noble muscadine grapes. The concentration was considered significantly different 
between the two varieties of muscadine grapes when the p-value was less than 0.05. 
2.3 Result and discussion 
The volatile compounds of Carlos and Noble muscadine grapes were isolated by 
simultaneous distillation and extraction (SDE) technique and determined by GC-MS. 
Among the 52 volatile components (including some unknown peaks) listed in Table 2.1, 
48 and 45 volatile compounds in the Carlos and Noble grapes, respectively, were 
quantified by GC-MS because some peaks could not be quantified due to their low 
concentrations. Among the listed volatiles peaks, 35 and 32 volatile components were 
identified in the Carlos and Noble muscadine grapes. The rest of the peaks were the 
internal standard and other unknown chemicals. Overall, 91% and 90% of volatile 
compounds were identified in Carlos and Noble grapes.  
35 
 
There were 35 and 32 identified volatile components in the Carlos and Noble 
muscadine grapes. Twenty eight volatile compounds identified were found in both Noble 
and Carlos muscadine grapes. There were 6 additional volatiles in the Carlos grapes that 
were not detected in Noble grapes, including acetoin (1.94 ppm), heptanal (1.60 ppm), 
ethyl hexanoate (2.12 ppm), ocimenol (3.70 ppm), butyl hexanoate (1.99 ppm) and ethyl 
octanoate (5.05 ppm). By contrast, limonene (2.63 ppm), α-terpinolene (4.82 ppm) and β-
terpineol (3.17 ppm) were found in Noble grapes and not in Carlos grapes. The 
concentrations of the different volatile compounds were lower than 10 ppm which 
indicated that most detected constituents were similar between the two grapes. 
Major volatile constituents were those with their concentrations higher than 10 
ppm in the grape. In this context, the primary volatile compounds in the Carlos grapes are 
listed in the following from high to low concentrations: hexanal, 2-hexenal, 1-hexanol, 
(E)-2-hexen-1-ol, (Z)-4-decen-1-ol, 1-octanol, butyl acetate, nonanal and α-terpineol. In 
contrast, the major components in the Noble from high to low concentrations were 2-
hexenal, hexanal, α-terpineol, (Z)-4-decen-1-ol, 1-octanol, (E)-2-hexen-1-ol, 1-hexanol, 
linalool and geraniol. As shown above, Carlos grapes contained relatively high 
concentrations of butyl acetate and nonanal; however, Noble grapes contained relatively 
high concentrations of linalool and geraniol. The top two volatiles with the highest 
concentrations were hexanal and 2-hexenal, which were found in both the Carlos and 
Noble grapes. Since the profiles of predominant constituents in both muscadine grapes 
were similar, the concentrations of the contributed components may dramatically affect 
aroma of grapes. 
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A total number of 38 volatile chemicals were identified in the Carlos grapes, 
including 5 C6 compounds, 6 alcohols, 7 esters, 8 aldehydes, 8 terpenoids, 2 furans, 1 
ketone and 1 other miscellaneous chemical. The C6 compounds were C6 aldehydes and C6 
alcohols (hexanal, 2-hexenal, 1-hexanol, (E)-2-hexen-1-ol and (Z)-3-hexen-1-ol). They 
contributed more than half of total amount of volatile compounds in the Carlos and Noble 
grapes. C6 compounds, which generally contribute to herbaceous odor, universally exist 
in grapes, berries and many other fruits
25
. Except for the C6 compounds, other chemical 
groups are listed herein from high to low percentage of the total volatiles: alcohol, ester, 
aldehyde, terpenoid, furans, and ketones in the Carlos grapes, but the terpenoid had a 
higher percentage than alcohol in the Noble grapes. Linalool and α-terpineol, floral 
notes
10,25
, were the most abundant terpenoids in the Carlos and Noble grapes. Linalool 
was also reported as a dominant aroma in the other grapes
26
. 
Since the major compounds were the same, the concentration of volatile 
compounds might play a more critical role in aroma contribution for the Carlos and 
Noble grapes. The internal standard (IS), 6-methyl-5-hepten-2-ol, was used to calculate 
the respective concentration of all of the volatile chemicals. IS constructed a standard 
curve based on its 5 concentrations: y = 246896x – 210385 and R
2
 = 0.994.  
Table 2.1 displays the concentration and standard deviation (SD) of the identified 
volatile constituents in the Carlos and Noble grapes. Among the C6 compounds, hexanal, 
2-hexenal, 1-hexanol and (E)-2-hexen-1-ol had very high SD (>10 ppm) in the Carlos 
grapes. The SD of 2-hexenal, hexanal and α-terpineol were also high in the Noble grapes. 
This type of phenomenon is common in volatile compound analysis because of the 
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unpredictable and uncontrollable variations during the plant’s growth, volatile extraction, 
concentration, and even injection. The highest SD was hexanal (50.9 ppm) with its 
highest concentration (140 ppm) in the Carlos grapes. There was a similar situation in the 
Noble grapes. Another possibility of large SD was possibly resulted from the overloading 
of samples on GC column, of which the coating film normally can upload about 50 ng
28
. 
Overloaded chemicals were hardly integrated so split injection and/or properly diluted 
solutions should be used when volatiles in high concentrations are analyzed. Regardless 
of the overloading of some concentrated volatiles, splitless injection was chosen in this 
experiment since most volatile compounds in Carlos or Noble grapes were in low 
concentrations (< 50 ppm). 
The determined volatile compounds were compared with previous investigations 
on muscadine grapes. The most important volatile compound of muscadine grapes was 2-
phenylethanol
8
, but it was only 3.66 ppm in the Carlos grapes in this study. Except 2-
phenylethanol, Welch et al. claimed 3-methyl-1-butanol, hexanol and benzaldehyde were 
the major components in black muscadine grapes
12
. Hexanol, which exists in a large 
amount in Carlos grapes, was consistent with Welch’s study, but 3-methyl-1-butanol and 
benzaldehyde were found in trace amounts in the present study. According to Horvat and  
Senters’ research, not only 2-phenylethanol and benzaldehyde but also benzyl acetate, 
ethyl acetate, benzyl alcohol, phenyl ethyl formate and 3,4-dimethoxycinnamaldehyde 
were critical volatile compounds in the Fry, Watergate and  Jumbo bronze muscadine 
grapes determined by SDE technique with pentane as the solvent
13
. However, the rest of 
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the compounds were not identified at the time. The absence of those compounds may be 
attributed to differences of the isolation technique, solvent and muscadine variety. 
Although predominant volatile compounds were not exactly consistent with 
previous investigations, the identified volatiles in the present study are found in some 
published references of muscadine or other grapes. These are acetoin, hexanal, butyl 
acetate, 2-hexenal, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, 2-pentylfuran, ethyl hexanoate, 
hexyl acetate, benzeneacetaldehyde, linalool, α-terpineol, ethyl octanoate geraniol, propyl 
acetate, furfural, limonene, 1-octanol, 2,6-nonadienal, (E)-2-nonenal and β-damascenone 
3,7
. The rest of the compounds were found in other grapes., including 2,3-pentanedione, 
heptanal, (Z)-2-heptenal, 2,6,6-trimethyl-2-ethenyltetrahydropyran, 1-octen-3-ol, octanal, 






There were other six compounds with their p-values in the range of 0.01<P<0.05 
(Table 2.1); including isopentyl alcohol, butyl acetate, 2,6,6-trimethyl-2-
ethenyltetrahydropyran, 1-octanol, (E)-2-nonenal and α-terpineol. Both grapes had low 
concentrations of isopentyl alcohol, 2,6,6-trimethyl-2-ethenyltetrahydropyran and (E)-2-
nonenal(<10 ppm). The concentration of butyl acetate, 1-octanol and α-terpineol were 
quite different between two grape varieties. For example, α-terpineol had a relatively 
high concentration in the Noble grapes (50.9 ppm). On the other hand, the p-value of 2,3-
pentanedione, 1-hexanol, benzaldehyde and nonanal was less than 0.01, but only 1-
hexanol and nonanal existed in higher concentrations in the Carlos grapes (>10 ppm) 
which meant their concentrations were significantly different in two species. The p-value 
39 
 
of 1-hexanol was 0.01, with its concentration (101 ppm) in Carlos grapes and a low 
concentration (23.6 ppm) in the Noble grapes. Consequently,   butyl acetate, 1-hexanol 
and nonanal had higher concentration in the Carlos than in Noble grapes but Noble 
contained higher amount of 1-octanol and α-terpineol than Carlos grapes. These 
compounds might have contributed distinctive difference of the volatile profiles of the 
Carlos and Noble grapes.  
2.4 Conclusion  
Simultaneous distillation and extraction (SDE) technique was used to isolate 
volatile compounds from muscadine grapes. Thirty-five and thirty-two volatile 
components in the Carlos and Noble muscadine grapes, respectively, were identified and 
measured by gas chromatography. Among these aromas, 28 volatiles were found in both 
muscadine grapes, while 6 additional compounds were only identified in the Carlos and 
there were 3 compounds in Noble not in Carlos grapes. C6 compounds and terpenoids 
which contributed the herbaceous and floral aroma were the most predominant groups in 
two grapes. However, 1-hexanol and α-terpineol showed significantly different 
concentrations in both grapes, which might be one of the causes for the general aroma 
difference between two muscadine grapes. 
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2.5 Figures and tables  
Table 2.1 Volatile compounds in the Carlos and Noble muscadine grapes identified by 

























 1.94 ± 0.14 - 




 5.42 ± 0.24 3.30 ± 0.67 0.29 
4 isopentyl alcohol
e
 <800 741 1.68 ± 0.23 2.73 ± 1.28 0.01 
5 hexanal 802 802 141 ± 50.9 137 ± 56.9 0.94 
6 unknown 1 807 - 2.31 ± 0.14 3.67 ± 1.29 
 7 butyl acetate 814 811 19.6 ± 1.94 9.85 ± 3.01 0.02 
8 unknown 2 820 - 1.68 ± 0.20 2.69 ± 0.96 
 9 furfural 830 836 2.06 ± 0.33 2.65 ± 0.60 0.23 
10 unknown 3 833 - 1.92 ± 0.17 3.12 ± 1.09 
 11 2-hexenal 853 855 102 ± 15.0 180 ± 80.9 0.24 
12 (Z)-3-hexen-1-ol 854 859 2.34 ± 0.86 3.07 ± 2.51 0.67 
13 (E)-2-hexen-1-ol 866 862
i
 40.1 ± 11.8 25.1 ± 6.04 0.15 
14 1-hexanol 872 871 101 ± 12.9 23.6 ± 3.79 0.01 
15 unknown 4 878 - 4.23 ± 0.25 4.50 ± 1.21 
 16 heptanal 902 902 1.60 ± 0.22 - 
 17 unknown 5 914 - 12.2 ± 2.11 17.4 ± 5.21 
 18 unknown 6 925 - 3.11 ± 0.37 4.52 ± 1.34 
 19 unknown 7 927 - 1.77 ± 0.24 2.52 ± 0.72 
 20 unknown 8 944 - 5.68 ± 1.22 8.87 ± 2.65 
 21 unknown 9 950 - 2.89 ± 0.42 3.58 ± 1.02 
 22 (Z)-2-heptenal 957 954
j
 1.63 ± 0.31 1.36 ± 0.30 0.33 






 9.00 ± 1.31 4.97 ± 1.37 0.02 
25 1-octen-3-ol 981 979 2.18 ± 0.05 2.19 ± 0.58 0.98 
26 2-pentylfuran 989 993
l
 3.02 ± 0.88 1.32 ± 0.20 0.07 




28 unknown 11 998 - 2.77 ± 0.69 - 
 29 ethyl hexanoate 1000 998 2.12 ± 0.14 - 
 30 octanal 1004 999 1.61 ± 0.08 1.24 ± 0.60 0.41 
31 hexyl acetate 1014 1009 3.72 ± 0.30 5.78 ± 4.14 0.48 
32 (E)-2-hexenyl acetate 1017 1022
m
 2.19 ± 0.32 4.75 ± 4.03 0.39 
33 limonene 1026 1029 - 2.63 ± 0.67 
 34 benzeneacetaldehyde 1043 1042 4.13 ± 0.55 4.05 ± 1.16 0.92 
35 unknown 12 1069 - - 2.99 ± 0.82 
 36 1-octanol 1072 1068 20.9 ± 1.67 30.4 ± 3.96 0.04 
37 α-terpinolene 1082 1089 - 4.28 ± 1.00 
 38 linalool 1099 1097 7.91 ± 2.06 18.2 ± 5.71 0.08 
39 nonanal 1105 1101 12.0 ± 1.88 1.76 ± 0.30 0.01 
40 2-phenylethanol 1110 1107 3.66 ± 0.39 - 
 41 β-terpineol 1148 1144 - 3.17 ± 0.83 
 42 2,6-nonadienal 1152 1155 3.92 ± 1.05 2.49 ± 0.42 0.13 
43 (E)-2-nonenal 1160 1162 6.15 ± 1.14 2.17 ± 0.44 0.02 
44 ocimenol 1165 1171
n
 3.70 ± 0.45 - 
 45 butyl hexanoate 1191 1188 1.99 ± 0.23 - 
 46 α-terpineol 1194 1189 11.0 ± 1.05 50.9 ± 16.0 0.05 
47 ethyl octanoate 1197 1197 5.05 ± 0.22 - 
 48 unknown 13 1198 - - 3.17 ±  0.89 
 49 geraniol 1251 1253 2.40 ± 0.92 10.0 ± 3.87 0.07 
50 (Z)-4-decen-1-ol 1259 1259 26.6 ± 8.44 37.1 ± 8.77 0.21 
51 unknown 14 1261 NE 6.36 ± 1.00 8.95 ± 2.12 
 52 β-damascenone 1378 1385 2.11 ± 0.13 1.53 ± 0.41 0.12 
 
a  
Identified by comparing MS databases (matching similarity ≥ 90%) and Kovats index 
b 
Experimental Kovats index was based on DB-5MS capillary column  
c
 Literature Kovats index according to reference24 
d
 Semi-quantitative concentration calculated from peak area/internal standard peak area×    
   internal standard concentration; mean of three replicates ± standard deviation 
e
























Figure 2.1 GC-MS Total Ion Chromatogram of Carlos aromas extracted by   























Figure 2.2 GC-MS Total Ion Chromatogram of Noble aromas extracted by  
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III.  HEADSPACE SOLID PHASE MICROEXTRACTION (SPME) OF VOLATILE 
COMPOUNDS OF MUSCADINE GRAPES  
Abstract 
Headspace solid phase microextraction (SPME) is one of the fastest and simplest 
extraction techniques used for volatile compounds analysis, although its extraction 
efficiency can be affected by sampling temperature and time. Coated fibers with 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) were used to adsorb 
volatile compounds from Carlos and Noble muscadine grapes and analyzed by gas 
chromatography-mass spectrometer (GC-MS). Compounds were identified according to 
both Kovats indices and electron impact mass spectra. The internal standard (6-methyl-5-
hepten-2-ol) was added into sample to calculate the volatiles concentrations. Thirty-seven 
and forty volatile compounds were identified from the Carlos and Noble muscadine, 
respectively. Among them, the aroma with the highest concentration was ethyl acetate 
(621 ppm), followed by β-damascenone (78.4 ppm) and ethanol (72.9 ppm) in Carlos 
grapes. Principle volatile compounds of the Noble grape extract were ethyl acetate (597 
ppm), (Z)-4-decen-1-ol (99.5 ppm) and α-terpineol (95.2 ppm). Paired t-test statistical 
analysis with a significance level of α=0.05 was used to compare the concentrations of 
volatiles. The concentrations of some major compounds were significantly different 
between two varieties (P<0.05), such as α-terpinolene, linalool and α-terpineol were in 
higher concentrations in Noble than in Carlos grape varieties. By contrast, the Carlos 




In recent years, headspace solid phase microextraction (SPME) has become a 
more popular technique in analytical chemistry due to its multiple advantages. SPME is 
relatively simple with short sampling pretreatment time and solvent-free extraction. 
Compared to the often time-consuming traditional extraction methods that require large 
volumes of sample and hazardous solvents, SPME combines sampling, extraction and 
concentration into a single step-permitting direct analysis after the process
1
. Although 
SPME is easy to use, some critical parameters (fiber coating, extraction temperature and 
time) must be optimized to get the highest extraction efficiency.  
Selecting a suitable SPME fiber depends on the compounds of interest. As 
mentioned in chapter two, C6 compounds, alcohols, esters, aldehydes, terpenoids, furans 
and ketones are the primary constituents of the volatile profiles of muscadine grapes. The 
boiling points of those volatile and semi-volatile compounds are quite different ranging 
from 2,3-pentanedione at 112 ºC  to β-damascenone at 274 ºC
2
. Since aromatic 
components in muscadine grapes have a wide range of polarities and volatilities, a 
commercially available SPME fiber, a 50/30 µm divinylbenzene/carboxen/ 
polydimethylsiloxane (DVB/CAR/PDMS), was selected for this research. This fiber can 
extract more volatile chemicals than other fibers because DVB and CAR are more polar 
than other non-polar phase, such as PDMS
3,4
. 
Native muscadine grapes have been reported to possess antioxidant, anticancer 
and anti-inflammatory properties
5-7
. In addition, this grape has been used to make wines 
making the aroma analysis of muscadine grapes important. In this context, an easy and 
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efficient aromatic extraction method would be useful. Although some volatile compounds 
of muscadine grapes have been investigated previously, time-consuming solvent 
extraction methods were used, which did not display real comprehensive volatiles in 
muscadine grapes. Therefore, a study was conducted to compare extraction time, 
efficiency and reproducibility between the solvent-free SPME technique and traditional 
simultaneous distillation and extraction (SDE).  
3.2 Materials and methods 
3.2.1 Materials 
A SPME holder and 50/30 µm mixed coating fiber (DVB/CAR/PDMS) was 
purchased from Supelco (Bellefonte, PA, USA). Glass sample tubes in size of 40 mL 
with open top cap and polytetrafluoroethylene (PTFE)/silicone septa were obtained from 
Scientific Specialties Service (Randallstown, MD, USA). High performance liquid 
chromatography (HPLC) grade dichloromethane (DCM), anhydrous sodium sulfate, 50 
mL plastic centrifuge tubes, a static water bath in model 205 and stirring hot plate (model 
210T) were obtained from Fisher Scientific (Norcross, GA, USA). Alkane standard 
chemicals (C8-C20) and internal standard (6-methyl-5-hepten-2-ol, 99% purity) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The blender was purchased from 
Hamilton Beach (Southern Pines, NC, USA). A Model 5810R centrifuge was purchased 
from Eppendorf (Hauppauge, NY, USA). An ultrasonic cleaner (model 5510) was 
purchased from Bransonic (Danbury, CT, USA). Water was prepared in our lab by using 
a Millipore Synergy UV system (Millipore Billerica, MA, USA). 
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3.2.2 Sample preparation 
Twenty kg of matured Carlos (bronze) and Noble (black) grapes were picked 
fresh on Oct 9
th
, 2013 at Hyman vineyards (2513 W Lucas St, Florence, SC 29501). The 
grapes that were growing above the leaves and good-looking were evenly collected 
throughout the whole vineyard; however, no grapes were harvested from the two outside 
rows which received more sunlight. The fresh grapes were transported in coolers with 
ice-packs to the university laboratory. Berries were placed in vacuum sealed bags without 
stalks and leaves and stored at -20°C in the dark until analysis. 
3.2.3 SPME method optimization 
Optimization of SPME was conducted according to the procedures of Perestrelo et al. 
and Vashisth et al.
8,9
. Two hundred grams of frozen grapes were placed in two plastic 
bags (100g/bag) in water at room temperature for 20 minutes. Soft grapes were macerated 
using a commercial blender for 2 minutes. The puree was load into a 250 mL glass media 
bottle with a polypropylene lid. The sealed glass bottle was sonicated for 30 minutes at 
room temperature. The sonicated grape pulp was loaded equally into four 50 mL plastic 
centrifuge tubes and then centrifuged at 5000 rpm for 15 minutes at 20°C to separate the 
solids from liquids. Twenty mL of the liquid supernatant was transferred to four 40 mL 
glass bottles with polytetrafluoroethylene (PTFE)/silicone cap. Then, 4 g of sodium 
chloride and sir bar was added into the each bottle to reduce matrix effects and improve 
the transfer of volatile compounds to the fiber. Finally, 1 µL of the internal standard (6-
methyl-5-hepten-2-ol in dichloromethane (DCM)) in concentration of 4000 ppm were 
added into the each 40 mL glass bottle.  
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The SPME fiber (DVB/CAR/PDMS) was inserted into the gas chromatograph 
injection port for 5 minutes at 250 °C to clean the fiber before each extraction. The glass 
beaker filled with tap water and placed on a magnetic stirrer plate to heat until 40°C. One 
40 mL sealed bottle was placed in water bath for 15 minutes to equilibrate grape juice 
and its headspace; then the fiber was inserted to the bottle. Extraction time at 45 minutes 
was kept constant regardless of the extraction temperature. When the extraction was 
complete, the fiber was immediately transferred to the injection port of the GC to desorb 
the volatile compounds. The procedure was repeated with remaining three bottles at 50, 
60 and 70 °C, respectively. All four extraction temperatures were repeated triplicate.  
After the optimum temperature was determined, the same procedures of extraction were 
performed to determine optimum extraction time. The fiber was extended from 30, 60, 90 
and 120 minutes at optimum temperature. The four extraction times were done in 
triplicate. The extraction efficiency was compared using the peak area, number of 
identifiable compounds and some major compounds in the total ion chromatogram (TIC).  
3.2.5 Identification  
Shimadzu GC-17A Gas Chromatograph coupled to a Shimadzu GCMS-QP5050A 
Mass Spectrometer was used to identify volatile compounds (Shimadzu, Tokyo, Japan). 
The GC-MS system was equipped with an Agilent J&W (Santa Clara, CA, USA) DB-5 
(5% Phenyl, 95% methyl silicone) capillary column (60 m x 0.25 mm ID x 0.25 μm film 
thickness). Restek (Bellefonte, PA, USA) SPME in size of 0.75 mm ID was manually 
injected into the GC injector in a splitless mode and held for 3 minutes to thermally 
desorb volatiles. The flow rate of ultra-high purity (UHP) helium was 1.0 mL/ minute. 
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The oven temperature was held at 35 °C for 10 minutes and then gradually increased to 
100°C at 1.5°C/ minute for 1 minute, and then 150°C at 2°C/ minute, and finally 
increased to 265°C at 20°C/ minute where the temperature was held for 5 minutes. The 
mass spectrometer was operated in an electron ionization mode at a voltage of 70 eV.  
The chromatograms were recorded by a SCAN mode in a mass range 40-350 m/z from 3 
to 77 minutes. Injection and interface temperatures were both 250°C. 
Chemical identification was based the following steps: [1] matching mass spectra 
using NIST 08 library (National Institute of Standards and Technology, Gaithersburg, 
MD, USA), Shimadzu Terpene and Terpenoid library (Shimadzu, Tokyo, Japan), and 
Wiley 08 (Wiley, NY, USA) mass spectral library. Commonality among the percentage 
of mass spectra had to be over 90 % with the mass spectral libraries to ensure reliability. 
[2] Kovats retention indices of components were compared with published data by the 
Van den Dool’s equation
10
. Van den Dool’s equation is: I         
 ( )  ( )
 (   )  ( )
 , 
where T(z)<T(i)<T(z+1), Z is the number of the carbon atoms. T(i) is the retention time of the 
sample i; T(z) and T(z+1) are the retention times of the n-alkanes eluted before and after the 
sample i. [3] Volatiles were matched with standards and previous references of 
muscadine grapes.  
Serial dilutions of the internal standard (6-methyl-5-hepten-2-ol) in five 
concentrations of 5, 10, 15, 20 and 30 ppm (mg/kg) were prepared using purified DCM 
solvent and were separately injected in 1 µL aliquots in triplicate to get a standard curve. 
The response of compounds was divided by the response of internal standard (IS) and 
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multiplied by the concentration of IS to get semi-quantitative concentrations of volatile 
compounds.  
3.2.6 Statistical analysis 
Means of the concentration of volatiles recovered from Carlos and Noble varieties  
of muscadine grapes were compared using paired t-test and Tukey’s test were calculated 
using JMP (John’s Macintosh Program, a statistical software) (SAS Institute Inc. Cary, 
NC, USA) at a significance level of α=0.05. Tukey’s test was used to compare optimized 
parameters. The response area of four sampling temperatures and times were measured 
separately. Paired t-test was analyzed for the variation in volatile concentrations of 
triplicate extractions between the Carlos and Noble muscadine grapes.  
3.3 Result and discussion 
3.3.1 Method optimization 
The Noble muscadine grapes were used for the method optimization because 
more volatile compounds were identified in the Noble than in the Carlos grapes by the 
DVB/CAR/PDMS fiber. Extraction performance under static, ultrasonic, and stirred 
water bath extraction conditions were compared. In addition, the Noble grape juice, 
instead of the grape pulp, was used for the volatiles extraction. 
The Noble grapes contain five major volatile chemical groups, including acids, 
alcohols, aldehydes, esters and terpenoids. Among the volatiles in the Noble grape juice, 
ethyl acetate accounted for over half of the total amount of volatile compounds. Other 
esters were present in lower concentrations compared to alcohols, aldehydes, ketones and 
terpenoids in the Noble grapes. Four volatile compounds, i.e., 1-octanol, 2-hexenal, 
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damascenone, and α-terpineol were chosen to represent above four different classes of 
volatile compounds. The highest concentration in the aldehyde and alcohol group of 
compounds was 2-hexenal and 1-octanol. α-terpineol was the constituent that was in the 
highest concentration in the terpenoid group, followed by β-damascenone in the ketone. 
All interesting volatile compounds in Noble were eluted from DB-5 column after 3.79 
minutes but before 74.11 minutes. The retention times of 2-hexenal, 1-octanol, α-
terpineol and β-damascenone were 20.57, 40.07, 58.31 and 74.11 minutes, respectively, 
and were nearly equally distributed within the whole running time. In this context, these 
four chemicals were chosen to represent overall volatile compounds in the Noble grapes 
for method optimization.  
3.3.1.1 Sample extraction temperature 
High temperature may significantly affect the equilibrium time of volatile 
composition between the sample (liquid), headspace (gas) and extraction fiber (solid), 
although some unwanted artifacts, such as furan derivatives, might be produced in this 
condition. Thus, optimization of sample extraction temperature was important to reduce 
the sampling time and avoid Maillard reaction (non-enzymatic browning)
3
. 
The optimization procedure was explored based on the research of Sánchez-
Palomo et al. and Perestrelo et al.
4,8
, who reported that the best extraction condition for 
the DVB/CAR/PDMS fiber was 45 minutes and 60 °C. Therefore, grape samples were 
taken at 40, 50, 60 or 70°C after 45 minutes of sampling. The detectable responses of the 
volatile compounds at different temperatures are shown in Figure 3.1. There was no 
significant difference between the samples taken at different temperatures (P>0.05), 
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which was consistent with the previous research
9
. Perestrelo et al. demonstrated that, 
although the increased sampling temperature could improve the extraction efficiency of 
acids, monoterpenoids and C13 norisoprenoids, it also simultaneously decreased the 
absorbed amounts of carbonyl compounds and alcohols so that the sampling temperature 
did not change the total peak area
8
.  
 Although there was no significant difference between four temperatures for the 
volatile extraction by the SPME fiber, the highest extraction temperature (i.e., 70°C) had 
the highest average response area (Figure 3.1), in spite of its concurrent high standard 
deviation. In contrast, the lowest standard deviation of the volatiles extraction was 
obtained at the temperature of 60°C.   
A total number of 30, 32, 37 and 37 volatiles were detected from the grape juice 
with the aid of SPME fiber at 40, 50, 60 and 70 °C, respectively. This demonstrated that 
higher temperature facilitated the semi-volatiles and high molecule weight compounds to 
partition into the headspace from the aqueous solution. For example, 1-octen-3-ol and β-
terpineol were barely detected at 40 °C, but they were detected at higher temperatures. 
When the extraction temperature increased to 60 °C, more compounds were found, 
including limonene, γ-terpinene, α-terpinolene, p-cymenene, and γ-terpineol, which 
eluted after 34 minutes in the GC chromatogram and demonstrated that the fiber had 
absorbed more semi-volatiles during high extraction temperature.   
The response area of 2-hexenal, 1-octanol, α-terpineol, and β-damascenone with 
different sampling temperature are shown in Figure 3.2. A higher sampling temperature 
tremendously improved the extraction performance of the fiber, particularly for α-
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terpineol and β-damascenone, but it also decreased the extraction of the more volatile 
small molecules such as 2-hexenal and 1-octanol. It is reasonable that chemicals with 
higher boiling points, such as α-terpineol (C10H18O) and β-damascenone (C13H18O), were 
more readily partitioned from liquid to headspace under higher temperatures. Therefore, 
increasing the sampling temperature resulted in more adsorption of higher boiling 
compounds
11
, while decreasing the absorption of 2-hexenal (C6H10O) and 1-octanol 
(C8H18O).  
Selection of an optimal temperature for SPME depends on volatilities of 
interesting analytes. The volatile composition of the Noble muscadine grapes were 
composed largely of semi-volatiles that are present at relatively low concentrations so 
high temperature of extraction was more desirable. Since there was a high standard 
deviation of the volatiles extraction at 70°C and 37 volatile compounds recovered at both  
60 and 70 °C, the second highest temperature, 60°C, was selected for further analysis. 
3.3.1.2 Sample extraction time 
The same fiber was used to extract volatiles from the Noble muscadine grapes at 
60°C with different sampling times for 30, 60, 90 or 120 minutes, after the grape juice 
was equilibrated at 60°C for 15 minutes
12
. Theoretically, longer extraction time improved 
the extraction efficiency for semi-volatiles but it may simultaneously waste experimental 
time and cause a loss of volatile compounds that have high volatility. 
Triplicate extractions were conducted at the same temperature (60°C).The result 
(Figure 3.3) was similar to those above reported in that there was no significant 
differences between the different extraction times at the same temperature (p-value>0.05).  
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The highest standard deviation of total response area of the extracted volatile 
compounds was observed at 120 minutes, followed by 90, 30 and 60 minutes in order. 
Since the extraction time of 60 minutes gave the lowest standard deviation, the volatiles 
between the juice and fiber appeared to be in the most stable equilibrium at this 
temperature.   
The response area of 2-hexenal, 1-octanol, α-terpineol and β-damascenone are 
shown in Figure 3.4, which coincided with the result shown in Figure 3.2. The prolonged 
sampling time decreased the extracted contents of compounds with low molecular 
weights, such as 2-hexenal and 1-octanol, but increased the contents of α-terpineol and β-
damascenone. Since terpenoids seem to have the primary volatile compounds in the 
muscadine grapes, the experimental condition of the fiber extraction at 60°C for 60 
minutes was adopted for further analysis. 
3.3.2 SPME extraction  
There were 56 volatile compounds (including 13 unknown peaks) that were 
isolated from the Carlos or Noble muscadine grapes by the headspace solid phase 
microextraction (SPME) (Table 3.1). Most compounds existed in both grapes but some 
compounds were only found in one grape or the other. Overall, 37 and 40 volatile 
compounds were identified in the Carlos and Noble grapes, respectively by GC-MS, 
which was nearly equivalent to 89% and 88% of the detected volatiles compounds in the 
Carlos and Noble grapes, respectively.  
 The Carlos and Noble grapes shared a majority of the same volatile compounds 
with few differences. Ethyl hexanoate (2.15 ppm), 2-phenylethanol (3.73 ppm), ethyl 
59 
 
octanoate (2.30 ppm) and 2-phenethyl acetate (2.21 ppm) were only detected in the 
Carlos grapes. In contrast, seven volatiles compounds, i.e., p-cymene (3.84 ppm), γ-
terpinene (2.70 ppm), 1-terpineol (2.42 ppm), β-terpineol (7.94 ppm), 4-terpineol (4.53 
ppm), γ-terpineol (11.6 ppm) and decanal (5.71 ppm), were only identified in the Noble 
grapes. Compared with the major aroma, ethyl acetate (621 ppm), the concentrations of 
the volatiles listed above were very low (<15 ppm).  
The five volatile compounds in Carlos grapes with the highest concentrations are 
listed below high to low: ethyl acetate, β-damascenone, ethanol, (Z)-4-decen-1-ol and 2-
hexenal. Similarly, ethyl acetate, (Z)-4-decen-1-ol, 2-hexenal, α-terpineol and β-
damascenone were determined as the five major compounds in the Noble. Both grapes 
contained a very high amount of ethyl acetate that was also found in Vitis vinifera grapes. 
Ethyl acetate has been described to have a pineapple aroma, and fruity and nail polish 
notes in previous studies
12,13
. Both muscadine varieties contained (Z)-4-decen-1-ol which 
was also identified in melon fruits
14
. The leafy and green aroma is contributed by 2-
hexanal. It extensively exists in grapes and contributes to a herbaceous odour in grape 
juice
15,16
.  A semi-volatile compound, β-damascenone, was described to have a sweet and 
floral aroma
12
. Noble grapes contain higher concentration of α-terpineol (floral and peach 
aroma) than Carlos grapes 
12
.  
Seven major groups were found in muscadine grapes, including C6 compounds, 
alcohols, esters, aldehydes, terpenoids, acids and other miscellaneous chemical. The 
group of compounds that represented the highest concentration in muscadine grapes was 
esters because ethyl acetate itself accounted for approximately 50% of the total volatile 
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content. The group of compounds with the second highest concentration in muscadine 
grapes was terpenoids (Noble) and alcohols (Carlos). Most terpenoids were perceived as 
pleasant aromas that contributed prominent characteristic flavor of fruits
17
. The most 
abundant terpenoids was α-terpineol from muscadine grapes. Previous studies showed 
that linalool and geraniol contributed aroma of Muscat grapes because of their low 
threshold values
18
. Another group of volatile compounds in muscadine were alcohols 
which have was also found in fruits and vegetables, such as apples, berries and kiwifruit
19
. 
Ethanol, (Z)-4-decen-1-ol, and 1-octanol existed in appreciable amounts in both Carlos 
and Noble grapes.  
The internal standard (IS), 6-methyl-5-hepten-2-ol, was used to calculate the 
respective concentration of all of the volatile chemicals. IS constructed a standard curve 
based on its 5 concentrations: y = 246896x – 210385 and R
2
 = 0.994.  
The concentration and standard deviation (SD) of the identified volatile 
constituents in the Carlos and Noble grapes by SPME are listed in Table 3.1. In general, 
the chromatographic analysis was highly reproducible with SD < 10 ppm for most 
analytes. Only ethyl acetate, ethanol and ocimenol in Carlos grapes displayed high 
variability. The SD of ethyl acetate, (Z)-4-decen-1-ol, 2-hexenal, α-terpineol, β-
damascenone, 1-octanol and p-cymenene were also high in the Noble grapes. However, 
the RSD of ethyl acetate was lower than 15%, which was an acceptable value for 
volatiles analysis. Canuti et al. also observed high variability of β-damascenone, which 
was subjected to the acidic condition during the analysis
9
. Some unsaturated alcohols 
exhibited high SD because of their fragile instability
9
. Other possible reasons for high SD 
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values of some compounds could be attributed to the rapid oxidation of alcohols in 
addition to possible overloading of the GC column.  
The determined volatile compounds were compared with previous investigations 
of non-muscadine grapes using the headspace SPME technique. The three chemicals with 
the highest concentrations were 2-phenylethanol, linalool and hexenal in skin of Muscat 
grapes by a mixed coating fiber
4
. In the present study, linalool and hexenal were found in 
large amounts in both muscadine grapes although only 2.21 ppm of 2-phenylethanol was 
in Carlos grapes. Fan et al. reported high concentrations of 3-methylbutanol, acetic acid, 
1-hexanol and hexanal in nonfloral Vitis vinifera varieties grapes with a mixed coating 
fiber
12
. In comparison, the Carlos grapes contained 21.6 ppm of 1-hexanol compared to 
3.10 ppm in the Noble. Nevertheless, 3-methylbutanol and acetic acid were found in both 
muscadine grapes in low concentrations. Another study showed that 1-hexanol, (Z)-2-
hexenal and (E)-2-hexenal were volatiles with high concentrations in Cabernet Sauvignon 
grapes extracted by a polydimethylsiloxane (PDMS) fiber
9
 but no (Z)-2-hexenal and (E)-
2-hexenal were identified in this studied. Consequently, muscadine grapes had distinct 
aromas with other grapes or different fiber could selectively absorb different volatile 
compounds.  
3.3.3 Statistical analysis of volatile compounds 
Among the detected volatiles, 32 volatile chemicals had no significant differences 
between the two grapes (Table 3.1). However, the concentration of propyl acetate, butyl 
acetate and 1-hexanol were significantly different among two varieties (P<0.01).   
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There were other six compounds with their probability in the range of 
0.01<P<0.05; including (E)-2-hexen-1-ol, α-terpinolene, linalool, ocimenol, α-terpineol 
and geraniol. Both grapes had low concentrations of (E)-2-hexen-1-ol and geraniol (<10 
ppm). Linalool, α-terpinolene and α-terpineol had higher concentrations in the Noble than 
in Carlos grapes, but Carlos contained higher amount of ocimenol than Noble grapes. 
Other compounds possessed different aromas. For example, (E)-2-hexen-1-ol was 
reported to have a green, grassy and fruity aroma in virgin olive oil
20
. Geraniol had fruity, 
rose and sweet flavor
21
. Linalool (floral, green and citrus)
23
,α-terpinolene (woody, sweet, 
earthy)
22
, and α-terpineol (lilac)
21
 were classified as terpenoids that widely existed in fruit 
and plant. Those terpenoids possibly contributed the characteristic aroma of the Noble 
grapes. On the other hand, ocimenol, with a floral odor, was believed as a natural acid 
hydrolysis product in Fiano grapes
24
.  
3.3.4 Comparison of volatile compounds from SDE and SPME 
SPME and SDE were compared for their extracted volatiles from two muscadine 
grapes. The percentage of each volatile to the total volatiles (%) is listed in Table 3.2. 
The volatiles with the highest concentrations extracted by SDE were hexanal (22.02%) 
and 2-hexenal (25.98%) in the Carlos and Noble grapes, respectively. Both volatiles 
which extensively exist in muscadine and other fruits were described with a green note, 
which was different from the typical aroma of muscadine grapes
25-27
. However, the major 
compound was ethyl acetate that was detected by SPME in both grapes (47.30% and 
39.00% in the Carlos and Noble grapes, respectively), which was widely identified in 
muscadine grapes
25,27-30
. According to a former study, although ethyl acetate had a high 
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concentration in Prosek wine, it had a relatively high odor threshold value (12 mg/L, or 
12 ppm), higher than the threshold of ethyl octanoate of 0.005 mg/L (or 5 ppb). The odor 
activity value (OAV) of ethyl acetate (6.7) was not as high as ethyl octanoate (10.0) in 
the Prosek wine
13
. On the other hand, some very highly volatile compounds, like ethyl 
acetate and ethanol, were barely detected by GC-MS because, in many cases, the mass 
spectrometer only recorded the chemicals’ mass spectrum after the solvent eluted using a 
calculated value-solvent cutoff retention time.  
Fourteen volatile compounds were found only by SPME and only in one type of 
grape. Those compounds are: ethanol, ethyl acetate, p-cymene, 1,8-cineole, β-ocimene, γ-
terpinene, 1-terpineol, 4-terpineol, γ-terpineol, decanal, β-citronellol, 2-phenethyl acetate, 
vitispirane and decanoic acid (Table 3.2). Excluding ethyl acetate and ethanol which both 
had relatively high concentrations, γ-terpineol (1.02%) and vitispirane (1.59%) were 
extracted by the SPME and found in Noble and Carlos grapes, respectively. The other 
chemicals had relatively lower concentrations in both grapes (<1%). On the contrary, 
some volatiles were found only using the SDE technique, including 2,3-pentanedione, 
acetoin, isopentyl alcohol, furfural, (Z)-3-hexen-1-ol, heptanal, (Z)-2-heptenal, 
benzaldehyde, 2-pentylfuran, benzeneacetaldehyde and butyl hexanoate (Table 3.2). The 
retention times of most of the above volatiles were from 10 to 15 and 25 to 35 minutes 
because the SPME fiber merely adsorbed those polar chemicals (Figure 3.5 and 3.6). It 
was noteworthy that furfural and 2-pentylfuran were detected in both grapes with the 
SDE technique, which was consistent with a previous research
17
. Furans are widely 
considered the main artifacts of the Maillard reaction in high sugar fruits during high 
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extraction temperature (100°C) and concentration and were observed in low 
concentrations (<1%) only in SDE extract. 
With the aid of the SPME technique, 37 and 40 volatile components were 
identified in the Carlos and Noble muscadine grapes. The numbers of identified 
compounds were slightly higher than those by the SDE method, which resulted in 35 and 
32 identified chemicals. This result is consistent with previous research that SPME may 
facilitate identification of more volatiles than SDE
31
, in spite of the fact that several small 
unknown peaks were found in the SDE-GC chromatography. Generally speaking, SPME 
usually gives a relatively clean chromatograph because its fiber does not directly touch 
sample and solvent (Figure 3.5 and 3.6).  
There were 7 volatile compounds with P<0.05 and 5 volatile compounds with 
P<0.01 in Carlos grapes, the latter included butyl acetate, 1-hexanol, 2,6-nonadienal, 
ethyl octanoate and β-damascenone (P<0.0.1)(Table 3.3). In contrast, there were 2 
volatile compounds with P<0.05 and 4 volatile compounds with P<0.01 in the Noble. 
The concentrations of hexanal, 1-octen-3-ol, linalool and β-damascenone in the Noble 
extracts by SDE and SPME were significantly different (P< 0.05). It was notable that the 
semi-volatile β-damascenone had a low p-value in both grapes, which meant SPME also 
had a higher extraction efficiency of β-damascenone than SPME (Table 3.3). The SPME 
fiber could extract semi-volatile compounds as observed during method optimization.     
3.4 Conclusion 
More semi-volatile compounds and fewer highly volatile compounds were 
absorbed and identified when the SPME fiber was used with increased extraction 
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temperature and prolonged extraction time. Using the SPME technique, 37 and 40 
volatile compounds were identified in Carlos and Noble grape juices by GC-MS. Among 
the identified volatile compounds, ethyl acetate existed in the highest concentration in 
both grapes. Other four volatile compounds with high concentrations in Carlos grapes 
were listed below from high to low: β-damascenone, ethanol, (Z)-4-decen-1-ol and 2-
hexenal. In comparison, ethyl acetate, (Z)-4-decen-1-ol, 2-hexenal, α-terpineol and β-
damascenone were the five major compounds in Noble grapes. The concentration of α-
terpinolene, linalool and α-terpineol were higher in the Noble than in the Carlos grapes 
but the concentrations of ocimenol and 1-hexanol were higher in the Carlos than in the 
Noble grapes. 
Comparing the two extraction techniques, both SDE and SPME extracted similar 
major volatile compounds from the Carlos and Noble grapes. However, furfural and 2-
pentylfuran were only detected by SDE-GC. Additionally, more highly volatile chemicals 
as well as a greater number of total compounds were identified using SPME.  
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3.5 Figures and tables  
Table 3.1 Volatile compounds in the Carlos and Noble muscadine grapes identified by 
















 Carlos Noble 
1 unknown1
e











 621 ± 35.2 597 ± 94.1 0.70 
4 propyl acetate
e
 <800 705 1.60 ± 0.11 0.73 ± 0.14 0.00 
5 hexanal
e
 <800 802 31.3 ± 1.94 36.2 ± 4.30 0.17 
6 butyl acetate 813 811 9.87 ± 0.64 3.38 ± 0.21 0.00 
7 2-hexenal 850 855 37.8 ± 2.31 66.1 ± 19.6 0.13 
8 (E)-2-hexen-1-ol 864 862
h
 5.89 ± 1.17 2.29 ± 0.65 0.02 






 29.1 ± 7.73 13.3 ± 3.68 0.05 
11 1-octen-3-ol 980 979 1.29 ± 0.11 2.95 ± 0.72 0.06 
12 unknown 2 990 - 6.21 ± 1.34 6.71 ± 4.57 
 
13 unknown 3 997 - 3.33 ± 0.52 3.65 ± 2.21 
 
14 ethyl hexanoate 999 998 2.15 ± 0.01 - 
 
15 octanal 1003 1001 1.28 ± 0.22 1.71 ± 0.47 0.25 
16 hexyl acetate 1013 1009 4.31 ± 0.30 4.58 ± 1.96 0.83 
17 (E)-2-hexenyl acetate 1016 1022
j
 4.14 ± 0.26 3.15 ± 0.71 0.13 
18 p-cymene 1022 1025 - 3.84 ± 2.10 
 
19 limonene 1026 1029 2.39 ± 0.12 9.59 ± 4.93 0.13 
20 1,8-cineole 1029 1031 1.16 ± 0.16 2.54 ± 1.01 0.14 
21 unknown 4 1043 - 7.19 ± 3.67 3.24 ± 2.30 
 
22 β-ocimene 1046 1050 1.82 ± 0.44 1.64 ± 0.93 0.78 
23 γ-terpinene 1056 1060 - 2.70 ± 1.63 
 
24 unknown 5 1070 - - 13.9 ± 7.50 
 
25 1-octanol 1072 1068 24.3 ± 1.48 48.1 ± 12.8 0.08 
26 α-terpinolene 1083 1089 7.59 ± 2.18 17.1 ± 4.05 0.04 
27 p-cymenene 1088 1090 2.90 ± 0.50 16.7 ± 10.8 0.16 
28 linalool 1099 1097 8.16 ± 0.61 18.1 ± 2.22 0.01 
29 nonanal 1104 1101 3.13 ± 0.99 5.13 ± 1.71 0.17 
30 2-phenylethanol 1110 1107 3.73 ± 0.77 - 
 
31 myrcenol 1120 1123 7.57 ± 2.60 4.87 ± 2.87 0.29 
32 1-terpineol 1134 1134 - 2.42 ± 1.36 
 
33 β-terpineol 1148 1144 - 7.94 ± 3.57 
 
34 2,6-nonadienal 1152 1155 2.81 ± 1.18 7.87 ± 5.18 0.23 
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35 unknown 6 1154 - 23.6 ± 7.90 17.9 ± 10.9 
 
36 (E)-2-nonenal 1160 1162 3.30 ± 0.29 4.52 ± 1.30 0.24 
37 ocimenol 1166 1171
k
 36.3 ± 10.9 13.7 ± 7.31 0.05 
38 4-terpineol 1179 1177 - 4.54 ± 1.07 
 
39 unknown 7 1188 - 23.3 ± 2.19 29.3 ± 12.1 
 
40 α-terpineol 1194 1189 24.1 ± 4.50 95.2 ± 18.2 0.02 
41 ethyl octanoate 1196 1197 2.30 ± 0.99 - 
 
42 γ-terpineol 1199 1199 - 11.6 ± 2.27 
 
43 decanal 1206 1202 - 5.71 ± 2.65 
 
44 unknown 8 1208 - 3.81 ± 1.57 - 
 
45 β-citronellol 1227 1226 1.98 ± 0.31 3.50 ± 1.08 0.13 
46 unknown 9 1230 - 2.19 ± 0.21 - 
 
47 geraniol 1251 1253 3.10 ± 1.21 9.85 ± 2.64 0.03 
48 2-phenethyl acetate 1254 1258 2.21 ± 0.52 - 
 
49 (Z)-4-decen-1-ol 1258 1259 61.5 ± 2.83 99.5 ± 21.1 0.09 
50 unknown 10 1261 - 16.1 ± 0.81 29.0 ± 6.15 
 
51 vitispirane 1278 1281
i
 21.1 ± 3.83 14.2 ± 8.60 0.30 
52 unknown 11 1343 - 15.1 ± 0.95 3.00 ± 1.79 
 
53 unknown 12 1346 - 2.57 ± 0.29 13.7 ± 3.92 
 
54 unknown 13 1343 - - 11.9 ± 2.10 
 
55 decanoic acid 1371 1371
l
 7.23 ± 0.96 16.4 ± 9.02 0.22 
56 β-damascenone 1379 1384 78.4 ± 5.38 49.9 ± 14.4 0.06 
 
a  
Identified by comparing mass spectra databases (matching similarity ≥ 90%) and   
Kovats index 
b 
Experimental Kovats index was based on DB-5MS capillary column  
c




 Semi-quantitative concentration calculated from peak area/internal standard peak area×    
   internal standard concentration; mean of three replicates ± standard deviation 
e
 Compound was tentatively identified based on mass spectrum only 
f-l

















Table 3.2 Volatile compounds in the Carlos and Noble muscadine grapes identified by simultaneous distillation and 
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54 β-damascenone 1378 0.34 0.05   0.23 0.03   5.96 0.14   3.51 0.08 
              
a 
Identified by comparing MS databases (matching similarity ≥90%) and Kovats index 
b 
Experimental Kovats index was based on DB-5MS capillary column 
c
 Values(area percent) represent averages of triplicate extraction and standard deviation (SD) 








Table 3.3 Comparison of concentration of volatile compounds in the Carlos and Noble 
grapes with simultaneous distillation and extraction (SDE) and solid phase 
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hexyl acetate 0.07 
 
0.34 























































Figure 3.1 Total response area of all volatiles under different temperatures by  





























Figure 3.2 Response area of 2-hexenal, 1-octanol, α-terpineol and β-damascenone under 































Figure 3.3 Total response area of all volatiles at different extraction time by  


























Figure 3.4 Response area of 2-hexenal, 1-octanol, α-terpineol and β-damascenone at  































    
 
 Figure 3.5 Total Ion Chromatogram of GC-MS of aromas extracted at 60 °C for 60 minutes  




















  Figure 3.6 Total Ion Chromatogram of GC-MS of aromas extracted at 60 °C for 60 minutes  
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IV. GENERAL CONCLUSIONS 
Indigenous American muscadine grapes have been proven to have anti-cancer, 
anti-inflammatory and antimicrobial activities. This beneficial fruit also has a unique 
delightful “musky” aroma which has attracted interests in identifying its major volatile 
compounds. Conventional liquid-liquid extraction (LLE) and simultaneous distillation 
and extraction (SDE) techniques were used to extract and isolate predominant aroma 
components from grapes. The disadvantages of those solvent extraction methods include 
the possibility of producing artifacts, time-consumption, large sample consumption, and 
volume of hazardous solvents. The simple and solvent-free headspace solid phase 
microextraction (SPME) technique could overcome the former limitations though SPME 
has less extraction efficiency for low volatile compounds. In this research, SPME was 
compared with SDE to determine volatile profiles of the Carlos and Noble muscadine 
grapes. 
Volatile constituents from muscadine grapes were grouped into different chemical 
groups including: C6 compounds, alcohols, esters, aldehydes, terpenoids, furans, ketones 
and acids. SDE could extract relatively high concentrations of C6 compounds (hexanal, 2-
hexenal and 1-hexanol) but SPME fiber absorbed high amount of esters (e.g., ethyl 
acetate) from both grape varieties. On the other hand, terpenoids was found to be the 
second most important group in the Noble grapes. Nevertheless, regardless of some 
limitations of the SDE, the predominant volatile constituents of the Carlos and Noble 
grapes were similar using the SDE and SPME techniques.  
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The Carlos and Noble grapes shared a majority of the same volatile compounds 
with few additional differing volatiles. For example, the contents of butyl acetate, 1-
hexanol, 1-octanol, nonanal and α-terpineol were found to be significantly different 
(P<0.05) between these two grapes using the SDE technique. The concentrations of 1-
hexanol, ocimenol, α-terpinolene, linalool, α-terpineol were significantly different using 
the SPME. The concentrations of 1-hexanol and α-terpineol had significant differences 
between two muscadine grapes using both extraction methods. Moreover, the Carlos 
grapes contained a higher level of 1-hexanol than the Noble grapes and α-terpineol was 
found with a higher concentration in the Noble than in the Carlos grapes. These two 
compounds might have contributed distinctive different aroma of the Carlos and Noble 
grapes. 
Some low amounts of volatiles were only detected by either SDE or SPME. For 
example, furfural and 2-pentylfuran were detected in both grapes with the SDE technique 
rather than SPME. Furans are widely considered the main artifacts of the Maillard 
reaction, which might be produced during the SDE.  
The concentrations of butyl acetate, 1-hexanol, 2,6-nonadienal, ethyl octanoate 
and β-damascenone were different in the Carlos grapes by using two extraction 
techniques. In contrast, the concentrations of hexanal, 1-octen-3-ol, linalool and β-
damascenone were significantly different in the Noble extracted by the SDE and SPME.  
Overall, both extraction techniques were reliable for extraction and identification 
of major volatiles from muscadine grapes. SPME is a solvent free alternative extraction 
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technique for extraction of volatile compounds. In addition, SPME showed low levels of 
baseline noise which facilitates the identification of volatile compounds using GC-MS.  
 
 
 
 
